Amyotrophic lateral sclerosis (ALS), commonly known as Lou Gehrig\'s disease, is a devastating neurodegenerative disease that selectively affects cortical, brainstem and spinal motor neurons. Motor neuron degeneration occurs with rapid progression, resulting in muscle paralysis and death typically within 3--5 y of disease onset. The causes of about 90% of ALS cases remain unknown. However, remarkable genetic advances have provided a foot in the door into the pathogenesis of ALS. As of 2013, over 15 ALS disease genes have been identified.[@R1] Approximately 5--10% of cases show a Mendelian pattern of inheritance and occur within multigenerational affected families (familial ALS, or fALS). However, the vast majority of patients lack a clear family disease history and exhibit a sporadic disease occurrence (sporadic ALS, or sALS).

In 1993, mutations in the *SOD1* gene encoding superoxide dismutase 1 were identified as the first known cause of ALS.[@R2] A gain-of-function hypothesis for mutant *SOD1* is now widely accepted. While there have been many reports of successful pharmacologic and genetic modifiers of motor neuron loss and disease progression in transgenic mice carrying the mutant human *SOD1* gene, these targets have largely failed to mitigate the disease when translated into human clinical trials.[@R3] There are currently no effective therapies for stopping the disease, and only one drug, Riluzole, has been approved to modify disease progression merely by a few months.[@R4] Thus, novel therapeutic strategies are desperately needed. The elucidation of additional genetic contributors to ALS will illuminate new disease pathways and help to suggest new directions and targets for the development of therapies.

After several years of intense focus on SOD1, the ALS research field was dramatically re-focused by a major breakthrough in 2006, when the DNA- and RNA-binding protein TDP-43 (TAR DNA-binding protein of 43 kDa) was identified as the major component of ubiquitylated cytoplasmic inclusions in affected patient spinal cord neurons.[@R5] These inclusions are the hallmark of ALS neuropathology in almost all ALS cases (except those harboring SOD1 mutations) along with a marked clearance of TDP-43 from the nucleus. Soon after it was revealed that several mutations in the *TARDBP* gene, which encodes TDP-43, can cause some rare forms of fALS and sALS.[@R6]^,^[@R7] TDP-43 inclusions are also prevalent in two other rare, progressive neurodegenerative diseases: Inclusion Body Myopathy with Paget disease of bone and frontotemporal dementia (IBMPFD) and Perry syndrome, as well as in secondary pathology in Huntington, Parkinson and Alzheimer diseases.[@R8] The conjunction of genetics and pathology place TDP-43 as a major player in ALS and related neurodegenerative diseases. Shortly following the discovery of a major role of TDP-43 in ALS, several additional studies unleashed a paradigm shift in ALS research, with intense focus on a role of RNA metabolism and defects in RNA processing pathways. These include the discovery of disease-causing mutations in another RNA-binding protein gene, *FUS/TLS*, as a cause of fALS,[@R6] an association between intermediate-length polyglutamine expansions in ataxin 2 (which functions in RNA-metabolism) and increased risk for ALS,[@R9] and potential toxic RNA resulting from large GGGGCC repeat expansions in the *C9orf72* gene,[@R10]^,^[@R11] which appears to be the most common cause of ALS. Hence, RNA dysregulation is widely hypothesized to be a central component to disease onset and progression[@R12] and thus opens up many new possibilities about potential avenues to pursue for therapeutic intervention.

Genetic model systems are the experimental workhorses for elucidating key mechanisms and pathways underpinning many aspects of biology with direct relevance to human disease.[@R13] Recent experimental results in several model organisms, including yeast, worms, flies and mice have helped to define key features of TDP-43 that may be important for disease pathogenesis. These model systems also provide a platform for genetic and chemical screens to reveal modifiers. Our laboratory has used the budding yeast *Saccharomyces cerevisiae* as a genetically-tractable model to study the effects of TDP-43 and FUS aggregation.[@R14]^,^[@R15] Though seemingly simple, the yeast model system offers many powerful experimental advantages, which have been brought to bear on many facets of cell biology, several with direct connections to human disease. Yeast models have revealed unexpected new insights into the mechanisms of other neurodegenerative diseases, including Parkinson disease,[@R16]^-^[@R19] Huntington disease,[@R17]^,^[@R20]^,^[@R21] and Alzheimer disease[@R22] and have also provided a platform for the discovery of chemical compounds that modify proteotoxicity[@R23]^,^[@R24]

Expressing human WT TDP-43 at low levels in yeast cells results in nuclear localization. Increasing the expression level of TDP-43 (for example, high copy plasmid or stronger promoter) results in the formation of numerous cytoplasmic TDP-43 foci and growth inhibition.[@R14] Thus, this simple model system is able to recapitulate two cardinal features of TDP-43 proteinopathy: cytoplasmic aggregation and cytotoxicity. Since full-length TDP-43 aggregated in the cytoplasm and was toxic, we generated a panel of truncation constructs to define the regions of TDP-43 that were sufficient and necessary for aggregation and toxicity. We found that the C-terminal domain of TDP-43 was absolutely required for aggregation and toxicity, but, interestingly, was not sufficient: an intact RNA-recognition motif (RRM) was also needed. Hence, RNA-binding seemed to be a component of TDP-43 toxicity.[@R14] These findings are significant for two main reasons. First, it implicates the C-terminal domain of TDP-43 as an important driver of TDP-43 aggregation. We went on to confirm a direct role for the C-terminal domain in TDP-43 aggregation using in vitro assays with recombinant TDP-43.[@R25] It is remarkable that of the over 30 ALS-linked TDP-43 mutations that have been reported since 2008, all but one of them are located in the C-terminal domain, underscoring the power of the yeast model system for elucidating important disease-relevant features of TDP-43. Second, the requirement for RNA-binding as a component of TDP-43 toxicity (preventing RNA-binding via truncation or point mutations abolishes TDP-43 toxicity) was interesting but confusing at the time we discovered it. However, it has since been confirmed by others in multiple model systems, including fly, worm and mammalian cells. Moreover, it has provided the framework for recent high impact genomewide approaches aimed at cataloging all of the RNA targets of TDP-43.[@R26]

When ALS-linked mutations in TDP-43 were discovered, it was unclear how these mutations contributed to disease. Did they cause a loss of TDP-43 function? Did they make the protein more aggregation-prone? Over 30 pathogenic mutations in the TDP-43 gene have been identified in ALS patients. We tested over 20 of these in the yeast model and in vitro aggregation system. We discovered that TDP-43 is inherently aggregation-prone and ALS-linked mutations accelerate aggregation and enhance toxicity.[@R25] Importantly, several other laboratories have also seen similar effects of ALS-linked mutations on TDP-43 in diverse experimental systems ranging from cell culture, flies, chicken embryos, mouse, zebrafish and rat,[@R27]^-^[@R33] again underscoring the utility of the yeast model system for uncovering disease-relevant insight into TDP-43 pathobiology.

The yeast TDP-43 model and the initial studies described above allowed us to define key features of TDP-43 that were relevant to disease and to better understand what drives TDP-43 aggregation. But the big challenge was to discover the mechanism by which TDP-43 is toxic. We reasoned that we could harness the yeast model system to perform unbiased genomewide modifier screens to elucidate the cellular pathways affected by TDP-43 aggregation and toxicity. In other words, if we could find genes that could suppress or enhance TDP-43 toxicity it might tell us why TDP-43 was toxic in the first place. Accordingly, we have used the TDP-43 yeast model to perform high-throughput screens and identified several potent modifiers of TDP-43 toxicity, some with human homologs.

We have now completed two TDP-43 modifier screens: a yeast plasmid overexpression screen and a yeast deletion screen. One of the hits from the plasmid overexpression screen (overexpress each yeast gene to look for suppressors and enhancers of TDP-43 toxicity) was *PBP1*, which is the homolog of a human neurodegenerative disease protein, ataxin 2. Overexpression of Pbp1 enhanced TDP-43 toxicity and deletion of Pbp1 suppressed toxicity.[@R9] We validated this genetic interaction in the fly nervous system and showed TDP-43 and ataxin 2 physically associate in an RNA-dependent manner in mammalian cells. We also found that the ataxin 2 protein is mislocalized in ALS patient spinal cord neurons. Ataxin 2 is a polyglutamine (polyQ) disease protein. The polyQ tract of ataxin 2 is normally 22 or 23 Qs and polyQ expansions \> 34 cause spinocerebellar ataxia 2 (SCA2). Given the striking interactions between ataxin 2 and TDP-43, we hypothesized that polyQ expansions in ataxin 2, which were longer than normal but not long enough to cause SCA2, might be associated with ALS. To test this hypothesis we analyzed the ataxin 2 gene (*ATXN2*) in 915 individuals with ALS and 980 healthy controls and found intermediate-length polyQ expansions in ataxin 2 (27--33Q) significantly associated with increased risk for ALS. We find these expansions in \~5% of ALS patients, thus making this one of the most common genetic risk factors for ALS discovered to date.[@R9] Importantly, this association between ataxin 2 intermediate-length polyQ expansions and ALS has been confirmed by numerous other laboratories in diverse ALS patient populations worldwide.[@R34]^-^[@R37] The discovery of one of the most common genetic risk factors for ALS starting from a simple yeast screen highlights the usefulness of this model system and approach for gaining important insight with direct relevance to human disease.

In addition to these genetic screens providing insight into disease mechanisms and new disease genes and risk factors, we have also unexpectedly revealed a novel potential therapeutic target for ALS. In a complementary genetic screen (testing each non-essential yeast gene deletion for enhancement or suppression of TDP-43 toxicity), one of the most effective gene deletion suppressors of TDP-43 toxicity is a yeast gene called *DBR1*, which encodes RNA lariat debranching enzyme and is conserved from yeast to human.[@R38] Dbr1 functions as a phosphodiesterase, linearizing RNA lariats from their circular form after intronic splicing of pre-mRNA ([Fig. 1A](#F1){ref-type="fig"}). In the absence of Dbr1 function, RNA lariats are not debranched, a step necessary for their degradation by exonucleases in the cell. Thus, the lariats accumulate at high levels in the cell.[@R39]^,^[@R40] If yeast or mammalian Dbr1 is restored to the cell, lariats are debranched and TDP-43's toxicity returns.[@R38] Using a panel of Dbr1 mutants with varying degrees of enzymatic activity, we showed that TDP-43 toxicity correlates with relative accumulation of RNA lariat species.[@R38]

![**Figure 1.** RNA lariats decoy cytoplasmic TDP-43 aggregates. **(A)** When introns are spliced out of pre-mRNAs, Dbr1 debranches the excised lariat introns and then they are degraded by cellular exonucleases. In the absence of Dbr1 activity, intronic lariats accumulate in the cytoplasm. **(B)** A hypothetical model of how Dbr1 inhibitors could be pursued as a therapeutic strategy for ALS. In a healthy motor neuron, TDP-43 is localized to the nucleus. In ALS, TDP-43 is lost from the nucleus and accumulates in the cytoplasm where it forms large aggregates. These aggregates might bind and inhibit essential cellular RNAs and RNA-binding proteins. Inhibiting Dbr1 would lead to the accumulation of RNA lariats in the cytoplasm and these might act as decoys for TDP-43, relieving the inhibition of the essential RNAs and RNA-binding proteins.](rdis-1-e24420-g1){#F1}

Given TDP-43's affinity for intronic sequences,[@R26] we hypothesized that these accumulated lariats might act as a kind of decoy and sequester TDP-43 away from interfering with important cellular RNAs and RNA-binding proteins ([Fig. 1B](#F1){ref-type="fig"}). To test this hypothesis, we developed a method to visualize intronic lariats in living cells.[@R38] We modified the m-TAG technique, which is used to visualize mRNA localization in diverse cell types.[@R41] Instead of visualizing mRNAs, we were interested in visualizing the localization of intronic lariats. Using homologous recombination, we inserted binding sites for the MS2 viral coat-protein into the intron of the endogenous *ACT1* yeast gene, which is known to accumulate as RNA lariats in the absence of Dbr1.[@R40] Expression of MS2 viral coat protein fused to GFP (MS2-CP-GFP), which has high affinity for the MS2 stem-loop sequence, allowed us to visualize the accumulation of intronic lariats only in the absence of Dbr1.[@R38] The lariat RNAs consistently formed one or two bright foci in *dbr1***Δ** yeast cells but remained diffuse and faint in wild-type cells. To test our hypothesis, we expressed TDP-43 in these WT and *dbr1∆* yeast cells and used immunocytochemistry to detect TDP-43 and fluorescence microscopy to visualize the GFP-tagged intronic lariats. Remarkably, the TDP-43 cytoplasmic aggregates perfectly co-localized with the fluorescently labeled lariats,[@R38] supporting the hypothesis that TDP-43 cytoplasmic aggregates are preferentially sequestered by intronic lariats that accumulate upon Dbr1 inhibition.

We extended our findings from yeast to mammalian cells. We found that inhibiting Dbr1 in mammalian cells (human neuroblastoma cell line) and in primary neurons protects against TDP-43 toxicity. Further examination of the migration of TDP-43-bound RNA with two-dimensional gels and the ability of RNA from *dbr1*Δ yeast to compete for TDP-43 binding in gel-mobility shift assays also supported the hypothesis that TDP-43 is binding to RNA lariats when Dbr1 is inhibited, likely contributing to the abrogation of its cellular toxicity.[@R38] Thus, the enzymatic activity of Dbr1 could be a powerful new therapeutic target for combatting ALS and other TDP-43 proteinopathies. But before Dbr1 can be leveraged as a therapeutic target in ALS, there is much more groundwork to be performed. Deeper mechanistic insight into how Dbr1 inhibition protects against TDP-43 toxicity is required as well as extension of these studies to animal models of TDP-43 proteinopathy.

We have provided evidence that the intronic lariats that accumulate in *dbr1∆* cells co-localize with TDP-43 cytoplasmic inclusions. Moreover, in vitro binding assays suggest that lariats can directly compete for TDP-43 binding to RNA. Does the specific intronic lariat sequence matter or will any lariat compete for TDP-43 binding? In the future, this question can be addressed by immunoprecipitating TDP-43:RNA complexes from WT or *dbr1*∆ cells and performing RNA-seq to define the associated RNAs. RNase R, which degrades all cellular RNAs except for lariats, can be used to specifically enrich for lariats that associate with TDP-43 in *dbr1*∆ cells. It will be interesting to determine whether or not specific sequence motifs within intronic lariats are enriched or rather if specific intronic branch point architectures are enriched. If TDP-43-bound lariats can be identified, it is possible that synthetic Dbr1-resistant RNA lariats could be designed with similar sequences or structures to use as mock targets for TDP-43. This approach may specifically target rogue cytoplasmic TDP-43 without globally raising all RNA lariat species, as happens with inhibition of Dbr1.

In the future, this yeast model system could be harnessed to perform chemical screens to discover small molecule Dbr1 inhibitors. Because we have developed a methodology to visualize intronic lariats in live cells, this could be used as an easy readout to identify such chemical inhibitors. An MS2-tagged intron in a wild-type yeast strain exhibits a weak, diffuse fluorescent signal since the lariats form but are rapidly debranched by Dbr1 and then degraded. Using these yeast cells, small molecule libraries could be screened for compounds that result in the formation of fluorescent RNA lariat foci, which would suggest Dbr1 inhibition. This approach could uncover small molecules that act as full or partial inhibitors of Dbr1 function, providing a range of lariat RNA accumulation and subsequent mitigation of TDP-43 toxicity, which then could be further tested in established mammalian cell and animal models.

Our data also reveal that in yeast, when RNA lariats accumulate in the absence of Dbr1, they do so in one or two discrete foci in the cytoplasm. This suggests that 1) RNA lariats are able to get into the cytoplasm, as has been previously suggested,[@R42] and 2) that lariat RNA may be actively sequestered by the cell. It is unknown how the lariat species are getting to the cytoplasm after they are spliced from pre-mRNA in the nucleus. Again, we envision that a genetic screen using our tagged intron yeast strains could be effective at identifying the players involved in the export of lariats from the nucleus to the cytoplasm. Also, if RNA lariats are being actively sequestered in the cytoplasm along with TDP-43, it will be of interest to identify the nature of that particular cellular compartment, as its presence could be a potential target for promoting safe cytoplasmic sequestration of TDP-43. Importantly, the presence of RNA lariats in the cytoplasm observed in yeast and their interaction with TDP-43 must be confirmed in mammalian cells. Several established techniques for visualizing RNA in mammalian cells, along with Dbr1 knockdown by siRNA, can be pursued to address these issues.[@R43]

A major debate in the field is currently about how TDP-43 contributes to disease. Is it because of a loss or gain of function? [Figure 2](#F2){ref-type="fig"} exemplifies the conundrum. It shows spinal cord sections from an unaffected individual ([Fig. 2A](#F2){ref-type="fig"}) and an ALS patient ([Fig. 2B](#F2){ref-type="fig"}), which we immunostained for TDP-43. The motor neurons of the control individual show diffuse nuclear staining of TDP-43. However, the motor neurons of the ALS patient show loss of TDP-43 from the nucleus and the accumulation of large round and skein-like TDP-43 aggregates in the cytoplasm. One person might look at this picture and conclude that TDP-43 is lost from the nucleus so therefore disease is caused by a loss of TDP-43's nuclear function. But another person will look at this and say that those large cytoplasmic aggregates that accumulate must be the culprit and therefore disease is caused by a toxic gain of function in the cytoplasm. Which is right? We propose that the best evidence from the current literature suggests that both are actually right and that these two scenarios are not mutually exclusive. In other words, depletion of TDP-43 from the nucleus is obviously deleterious because of its major role as a regulator of RNA processing pathways (e.g., splicing, mRNA stability) but once it accumulates in the cytoplasm and forms aggregates, its ability to bind and sequester important RNAs and RNA-binding proteins can also have a profound effect on RNA metabolism. Therefore, strategies to deal with the loss of nuclear TDP-43 function as well as gain of toxic cytoplasmic function are needed. Our approach, especially the yeast model system, focuses on the gain of toxic function effects of TDP-43 and Dbr1 inhibition protects against cytoplasmic toxic TDP-43 aggregates. Several other approaches and model systems are being used by others to study the role of loss of TDP-43 function (e.g., knockout studies in flies, worms, fish and mice). Together, these findings will hopefully synergize and lead to a comprehensive understanding of consequences of both TDP-43 loss- and gain-of-function.

![**Figure 2.** TDP-43 in ALS: Gain or loss-of-function? Spinal cord sections from an unaffected individual **(A)** or from an ALS patient **(B)** immunostained for TDP-43. **(A)** In the unaffected individual, TDP-43 is localized to the nucleus of motor neurons (arrows). **(B)** In motor neurons of ALS patients TDP-43 is depleted from the nucleus (arrow) and accumulates in the cytoplasm in large aggregates (\*).](rdis-1-e24420-g2){#F2}

We have used a simple genetic model system to identify mechanisms by which TDP-43 might contribute to human ALS. Similar approaches are underway to investigate related RNA-binding proteins involved in ALS, including FUS/TLS,[@R15] and even to predict novel ALS candidate genes, such as *TAF15, EWSR1, HNRNPA2B1* and *HNRNPA1*.[@R44]^-^[@R46] Emerging from these studies is the concept that a large class of aggregation-prone RNA-binding proteins may contribute broadly to the pathogenesis of ALS and related neurodegenerative diseases.[@R47] It will be interesting to determine if Dbr1 inhibition can also protect against cytotoxicity from these additional disease-associated RNA-binding proteins. Finally, beyond ataxin 2 and Dbr1, our yeast TDP-43 modifier screens[@R9]^,^[@R38](M.D.F. and A.D.G. unpublished) have revealed several additional conserved modifier genes, which promise to illuminate further disease mechanisms and hopefully point us toward better therapeutic interventions.
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